Vibrio vulnificus is a causative agent of serious food-borne diseases in humans related to consumption of raw seafoods. This human pathogen secretes a metalloprotease (VVP) that evokes enhancement of the vascular permeability and disruption of the capillaries. Production of microbial proteases is generally induced at early stationary phase of its growth. This cell density dependent regulation of VVP production in V. vulnificus known to be the quorum-sensing. When V. vulnificus was cultivated in Luria-Bertani (LB) medium, accumulation of the autoinducer, the signal molecule operating the quorum-sensing system, was detected. Moreover, expression of the vvp gene encoding VVP was found to be closely related with expression of the luxS gene that encode the synthase of the autoinducer precursor (luxS). These findings may indicate VVP production is controlled by the quorum-sensing system in LB medium. Futhermore, this system functioned more effectively at 26°C than at 37°C. When incubated at 37°C in human serum supplemented with ferric chloride, production of VVP and expression of vvp increased in proportion to the concentration of ferric ion; whereas, expression of luxS was not increased. This suggests that VVP production in human serum containing ferric ion may be regulated mainly by the system other than the quorum-sensing system.
Introduction
Vibrio vulnificus is an opportunistic human pathogen causing fatal septicemia or wound infection, and the infection is characterized by formation of hemorrhagic and edematous lesions on the skin of the limbs [1, 2] . This human pathogen produces a 45-kDa thermolysinlike metalloprotease (V. vulnificus protease: VVP) as an important factor to evoke the skin lesion [3, 4] . Namely, VVP enhances vascular permeability through activation of the Hageman factor-plasma kallikrein-kinin cascade and induction of exocytotic histamin release from mast cells, and it also causes serious hemorrhagic skin damage by disruption of the capillaries through digestion of the vascular basement membrane.
Watanabe et al. [5] recently documented that VVP production was dependent on the bacterial growth, because VVP was produced after sufficient multiplication of the vibrio. The process by which bacteria sense the cell density is termed quorum-sensing, and it plays crucial regulatory roles in toxin production, biofilm formation, sporulation, bioluminescence, and bacterial virulence [6, 7] . The quorum-sensing is operated by the diffusable signal molecule called autoinducer (AI) [6, 8] . In general, Gram-negative bacteria use acyl-homoserine lactones, while Gram-positive bacteria generate small peptides as AI. Recently, the third signal molecule, furanosyl borate diester, termed AI-2 was isolated from V. harveyi [9] . In V. vulnificus, the presence of the regulation system related to AI-2 has been suggested. For instance, Kim et al. [10] reported that VVP production was decreased through disruption of the luxS gene, a gene encoding the synthase of the AI-2 precursor.
Production of the protease by V. vulnificus has been reported to be stimulated by incubation with rabbit [5] or guinea pig [11] serum, which contains high concentration of free iron. Additionally, the patients suffering from V. vulnificus infection usually have underlying diseases that result in increased serum iron level [12] . Therefore, VVP production may be also dependent on the level of free iron.
We herein report that, in the complex medium, the system related to the AI-2 molecule may sufficiently regulate VVP production at 26°C; however, it is less effective at 37°C. Additionally the presence of another regulatory system which may operate in human serum supplemented with ferric iron is described.
Materials and methods

Bacterial growth and preparation of experimental samples
V. vulnificus strain L-l 80 isolated from human blood was precultured overnight in Luria-Bertani (LB) medium (0.5% tryptone, 0.25% yeast extract, 1.0% NaCl; pH 7.5 ) at 37°C, and the bacterial cells were harvested and inoculated into 2 ml of LB medium at a cell density of 1 · 10 7 CFU/ml. Thereafter, the bacterium was cultivated at 26 or 37°C with shaking, and the bacterial growth was monitored by measuring absorbance at 600 nm. At an appropriate cultivation period, the culture supernatant was collected to measure the protease and AI-2 activity, and the bacterial cells were also harvested to examine the mRNA level.
For the study with human serum, human serum (Chemicon, Temecula, CA, USA) was treated at 56°C for 30 min, and precipitate formed was removed by centrifugation at 12,000g for 30 min. This heat-treated serum was diluted 2-fold with 0.9% NaCl and sterilized by membrane filtration (pore size 0.22 lm). After addition of ferric chloride (0-10 lM), the bacterial cells (1 · 10 7 CFU/ml) were inoculated and incubated at 37°C with shaking, and bacterial growth was monitored by measuring absorbance at 600 nm. At an appropriate incubation period, the cell-free serum sample was collected to measure the AI-2 activity, and the bacterial cells were also harvested to examine the mRNA level. To measure the protease activity, each of the serum sample collected was dialyzed against 60% acetone, followed by 0.9% NaCl to regenerate the proteolytic activity blocked by a-macroglobulin [13] , a broad-spectrum protease inhibitor in human plasma [14] .
Assay of the protease activity
The protease activity toward azocasein (Sigma-Aldrich, St. Louis, MO, USA) was assayed by the method of Miyoshi et al. [15] . Briefly, the sample was allowed to act at 30°C for 15 min on 1.0 mg of azocasein in 0.6 ml of 50 mM Tris-HCl buffer (pH 8.0). The reaction was stopped by the addition of 1.4 ml of 5% trichloroacetic acid. After centrifugation at 1000g for 5 min, an aliquot of the supernatant was withdrawn and mixed with the same volume of 0.5 M NaOH. Thereafter, the absorbance at 440 nm was measured. One protease unit (PU) was defined as the amount of the sample hydrolyzing 1 lg of the substrate in 1 min.
Assay of the AI-2 activity
The activity was measured using the reporter strain V. harveyi strain BB170 as described by Bassler et al. [16] . The reporter strain provided kindly by Dr. D.
McDougald (The University of New South Wales, Australia) was cultured overnight in LB medium at 30°C. The bacterial culture was diluted 1:5000 with AB medium (1 mM L L-arginine, 2% glycerol, 10 ng/ml riboflavin, 1 lg/ml thiamin, 300 mM NaCl, 10 mM K 2 HPO 4 , 50 mM MgSO 4 , 0.2% casamino acids; pH 7.5). An aliquot (540 ll) of the diluted culture was mixed with 60 ll of the sample, and the mixture was cultivated at 30°C for 5 h with shaking. Thereafter, the intensity of bioluminescence (relative light unit [RLU]) was measured with a luminometer, Lumitester K-210 (Kikkoman, Tokyo, Japan). In these experiments, the supernatant from V. harveyi strain BB152, a mutant producing only AI-2 as AI [17] , was used as 100%.
RT-PCR
A 417 bp segment of the luxS gene (GenBank Accession No. AE305637) was amplified with primers luxS-1 (5 0 CCAAAAGGCGACACCATTAC3 0 ) and luxS-2 (5 0 CAACATCGCTTCTGGCAATG3 0 ). Also a 668 bp segment of the vvp gene was amplified with primers as described by Watanabe et al. [5] . Total RNA, which was prepared with ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturerÕs manual, was added to the Ready-To-Go RT-PCR Kit (Amersham Biosciences, Piscataway, NJ, USA) and incubated at 42°C for 30 min for reverse transcription. Thereafter, the reverse transcriptase was inactivated by heating at 95°C for 5 min, and PCR was carried out for 30 cycles as follows; 30 s denaturation at 95°C, 30 s annealing at 61°C, and 1 min extension at 72°C. The PCR products were electrophoresed on a 1.5% agarose gel and visualized by staining with ethidium bromide. The relative amount of each mRNA was estimated using the amount of mRNA of pfkA gene encoding 6-phosphofructokinase, a house-keeping gene as 1.0.
The experiments were repeated two or three times, however only the representative results from one series of experiments were shown in ''RESULTS''.
Results and discussion
Production of AI-2 in LB medium
As reported by Watanabe et al. [5] , a significant amount of VVP was produced at early stationary phase when cultivated at 26°C in LB medium. However, at 37°C
, the amount of VVP production was decreased to less than 30%. In order to test the relation with AI-2 production, the AI-2 activity in the culture supernatant was measured. As shown in Fig. 1, at 26°C , the AI-2 activity was increased at early stationary phase. In contrast, at 37°C, the AI-2 activity was slightly decreased at the same growth phase.
Correlation of expression of the luxS and vvp gene
To test the expression of the luxS gene, a gene encoding the synthase of the AI-2 precursor [17] , the level of the luxS mRNA was examined by RT-PCR (Fig. 2) . The results revealed that the mRNA level was higher at early stationary phase when cultivated at 26°C. But, when cultivated at 37°C, the level of the luxS mRNA was reduced at early stationary phase. The expression of the vvp gene was increased more evidently at early stationary phase when cultivated at 26°C, but not at 37°C (Fig. 2) .
To clarify induction of VVP production by AI-2, the supernatant of each culture was collected at early stationary phase, and the cells of strain L-180, which was cultivated at 26°C and harvested at early stationary phase, was suspended into the culture supernatant. Thereafter, the bacterial suspensions were incubated at 37°C for 5 h. As shown in Fig. 3 , when suspended into the supernatant from the 26°C culture, much amount of VVP was produced. However, the heat-treated supernatant containing no AI-2 activity showed far less effect. Fig. 1 . Production of AI-2 and VVP by V. vulnificus grown in LB medium. The strain L-180 was cultivated at 26°C or 37°C, and the supernatants were collected at late log (solid column) or early stationary (stippled column) phase. The protease activity was assayed with azocasein, and the AI-2 activity was assayed with the reporter strain V. harveyi strain BB170. In the case of the AI-2 activity, the supernatant from V. harveyi strain BB152 was used as a positive (100%) control. Fig. 2 . Expression of the luxS and vvp gene by V. vulnificus grown in LB medium. The strain L-180 was cultivated at 26°C or 37°C, and total RNA was extracted at late log (solid column), or early stationary (stippled column) phase. Thereafter, the levels of the luxS mRNA and vvp mRNA were tested by RT-PCR. After RT-PCR, PCR products were electrophoresed on a 1.5% agarose gel, visualized by staining with ethidium bromide, and analyzed by NIH image 1.62. The amount of each mRNA was represented using the amount at late log phase as 1.0. Heattreated 26˚C Protease activity (PU/ml) Fig. 3 . Induction of VVP production and vvp expression by the culture supernatants containing the AI-2 activity. The cells of strain L-180 (1 · 10 9 CFU) was harvested at early stationary phase of cultivation at 26°C, and suspended into the culture supernatant (1 ml) collected at early stationary phase of cultivation at 26°C or 37°C. Thereafter, the cell suspension was incubated at 37°C. At 5-h postincubation, the supernatant was collected to measure the protease activity, and the bacterial cells were harvested to test the level of the vvp mRNA by RT-PCR. The supernatant treated at 100°C for 10 min used as a negative control.
The native supernatant from the 26°C culture also enhanced expression of the vvp gene (Fig. 3) .
These results support the conclusion that expression of the vvp gene is regulated positively by the quorumsensing system operated by AI-2 in LB medium. However, it should be noted that this system may be more effective at 26°C than at 37°C.
Effect of boric acid on quorum-sensing in LB medium
Since Chen et al. [9] reported that AI-2 from V. harveyi contained boron, we tested whether the AI-2 activity was increased by the addition of boric acid at 26°C. As expected, the activity in the culture supernatant was increased many times in proportion to the concentration of boric acid (Fig. 4) . In addition, expression of vvp was also significantly accelerated by boric acid (Fig. 4) . On the other hand, the level of the luxS mRNA was not changed even when 0.8 mM boric acid was added to the medium (data not shown). However, this finding is not surprising because boron is inserted into the AI-2 molecule after synthesis of the precursor by LuxS [9] .
Effect of ferric ion on VVP production in human serum
The elevated serum iron level is the most crucial risk factor for V. vulnificus infection [18, 19] . In order to know whether elevation of serum iron level augments VVP production, V. vulnifcus was incubated with human serum supplemented with ferric chloride, and production of VVP was studied. As shown in Fig. 5 , the protease activity in human serum was increased 2-fold by the addition of ferric chloride. Since this protease activity was abolished by treatment with tetraethethylenepentamine, a powerful inhibitor for VVP [15] , the activity observed was revealed to be due to VVP produced. On the other hand, bacterial multiplication was not effected by the addition of ferric chloride (data not shown), suggesting that the increased VVP production is caused by accelerated expression of the vvp gene. Indeed, the expression was found to be increased slightly by the addition ferric chloride (Fig. 5 ). In contrast, expression of the luxS gene was not affected even when 10 lM ferric chloride was added (data not shown). Additionally, the AI-2 activity was not detected in any of the serum samples. Although the possibility that unknown serum factor interfered in the assay of the AI-2 activity is not excluded, these results indicate that the quorum-sensing system may not function sufficiently in human serum, and that supplement of ferric chloride may cause operation of another system which augments the expression of the vvp gene. Jeong et al. [20] documented that the complex of cyclic AMP and its receptor protein also accelerates the vvp expression, so that this system is thought to contribute to the increased VVP production in human serum containing ferric chloride.
The present study demonstrated that, although the AI-2-dependent quorum-sensing system was capable for stimulating VVP production, this system could function effectively at 26°C, but not at 37°C. This may lead to the idea that V. vulnificus produces an enough amount of VVP via operation of the quorum-sensing CFU/ml) was incubated with human serum containing ferric chloride (0-10 lM) at 37°C. The cell-free serum sample was collected at 19-h (solid column) or 28-h (stippled column) postincubation, and dialyzed against 60% acetone followed by 0.9% NaCl to regenerate the proteolytic activity blocked by a-macroglobulin. Thereafter, the protease activity toward azocasein was measured. In the study to examine the gene expression, total RNA was extracted at 19-h (solid column) or 28-h (stippled column) postincubation, and the level of the vvp mRNA was tested by RT-PCR. The amount of each mRNA was represented using the amount at 19-h postincubation without ferric chloride as 1.0.
system only in the interstitial tissue of the limbs, in which temperature is lower than that in the bloodstream. However, the in vivo experiments using suitable gene-disruptants are need to confirm this idea.
